Observation of Majorana Fermions in a Nb-InSb Nanowire-Nb Hybrid Quantum Device 



M. T. Deng/ C. L. Yu/ G. Y. Huang/ M. Larsson/ P. Caroff/ and H. Q. Xu^'^ B 

^Division of Solid State Physics, Lund University, Box 118, S-221 00 Lund, Sweden 
H.E.M.N., UMR CNRS 8520, Avenue Poincare, BP 60069, F-59652 Villeneuve d'Ascq, France 
^Department of Electronics and Key Laboratory for the Physics and Chemistry ofNanodevices, Peking University, Beijing 100871, China 

(Dated: March 27, 2012) 

The search for Majorana fermions is one of the most prominent research tasks in modern physics (fi- 
ll]. Majorana fermions are an elusive class of fermions that act as their own antiparticles |6]. However, 
the fundamental nature of Majorana fermions can be easily viewed using the second quantization no- 
tation in which the creation of a fermion such as an electron can be described by the excitation of two 
Majorana fermions 10, Hi. Although an extensive effort has been made worldwide in particle physics, 
^ ' Majorana fermions have so far not been convincingly discovered in free space. In recent years, numerous 

proposals for excitations of Majorana fermions in solid state systems have been made, ranging 

from exploring v - 5/2 fractional quantum Hall systems |8, 9], to exploring chiral p-wave superconduc- 
tors [10 1, and to explori ng hyb rid systems of a topological insulator |11] or a strong spin-orbit coupled 
semiconductor thin film lll2l - [l4n or nanowire Bla - llTn in the proximity of an external s-wave superconduc- 
tor. These proposals have stimulated a new wave of search for Majorana fermions |[il-0t]. Here, we report 
on the observation of excitation of Majorana fermions in a Nb-InSb nanowire quantum dot-Nb hybrid 
system. The InSb nanowire quantum dot is formed between the two Nb contacts by weak Schottky bar- 
riers and is thus in the regime of strong couplings to the contacts. Due to the proximity eff'ect, the InSb 
nanowire segments covered by superconductor Nb contacts turn to superconductors with a supercon- 
ducting energy gap A*. Under an applied magnetic field larger than a critical value for which the Zeeman 
energy in the InSb nanowire is ~ A*, the entire InSb nanowire is found to be in a non trivial topo- 
logical superconductor phase, supporting a pair of Majorana fermions, and Cooper pairs can transport 
between the superconductor Nb contacts via the Majorana fermion states. This transport process will 
be suppressed when the applied magnetic field becomes larger than a second critical value at which the 
transition to a trivial topological superconductor phase occurs in the system. This physical scenario has 
been observed in our experiment. We have found that the measured zero-bias conductance for our hybrid 
device shows a conductance plateau in a range of the applied magnetic field in quasi-particle Coulomb 
blockade regions. This work provides a simple, solid way of detecting Majorana fermions in solid state 
systems and should greatly stimulate Majorana fermion research and applications. 



Epitaxially grown InSb nanowires are a class of the most 
promising material systems for the formation of a hybrid de- 
vice with an s-wave superconductor in which the excitation 
of Majorana fermions can be achieved under an application 
of an external magnetic field of a moderate strength. InSb 
nanowires |21] possess a large electron g factor (\g*\ ~ 
30 - 70), a strong spin-orbit interaction strength (with a spin- 
orbit interaction energy in the order of As oi ~ 0.3 meV), and 
a small electron eff'ective mass (m* ~ 0.0 ISm^). These proper- 
ties allow us to generate a helical liquid in the InSb nanowire 
by applying a relatively small magnetic field and to gener- 
ate a nontrivial topological superconductor which 
supports a pair of Majorana fermions, by coupling the InSb 
nanowire to an s-wave superconductor in an experimentally 
feasible condition. The s-wave superconductor will introduce 
superconductivity into the InSb nanowire by proximity ef- 
fect [22] and the external magnetic field will then drive the 
strongly spin-orbit coupled nanowire system into a nontrivial 
topological superconductor phase through the Zeeman split- 
ting. The giant Lande g-f actor of the InSb nanowire ll20l l2lll 
guarantees a significantly large Zeeman splitting at a magnetic 
field well below the critical magnetic field of the superconduc- 
tor. 

A nontrivial topological superconductor could be achieved 
by covering an entire InSb nanowire with an s-wave super- 



conductor forming an "D" shaped superconductor contact. 
However, two technical difficulties for creating and detecting 
Majorana states may arise. First, it becomes difficult for the 
applied magnetic field to penetrate through the superconduc- 
tor contact due to the Meissner effect. To get a sufficiently 
large Zeeman splitting, a strong magnetic field has to be ap- 
plied, leading to the suppression of the superconductivity in 
the superconductor. Second, it is also technically difficult to 
probe the Majorana fermion states in such a superconductor- 
wrapped nanowire by transport measurements. One way of 
solving the difficulties is to lay down an InSb nanowire on 
the surface of an s-wave superconductor and detect Majorana 
fermions in a scanning tunneling microscopy setup. However, 
to perform such an experiment at an ultra-low temperature is 
very challenging. In addition, it has not been experimentally 
proven that it is possible to achieve a strong coupling for intro- 
ducing a sufficiently large proximity effect into the nanowire 
in this way. To solve these problems, we employ an InSb 
nanowire quantum dot based Josephson junction with two Nb 
contacts as shown in Fig. [1^. Here, Nb is employed because 
it has a high superconducting critical magnetic field fl^ and 
therefore a strong magnetic field can be applied to achieve a 
sufficiently large penetration field on the InSb nanowire. A 
most important advantage of using such a Josephson junction 
configuration is that the entire InSb nanowire can be turned 
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FIG. 1 : Device layout and Josephson current, (a) SEM image of 
the Nb-InSb nanowire-Nb junction device studied in this work. The 
device is made from the zincblende InSb segment of an InAs/InSb 
heterostructure nanowire with two Ti/Nb/Ti (3 nm/80 nm/5 nm) con- 
tacts on a Si02 capped, highly doped Si substrate, using electron 
beam lithography, sputtering, and lift-off process. The diameter of 
the InSb nanowire is about 65 nm, the separation between the two Nb 
based contacts is about 110 nm, and the lengths of the InSb nanowire 
sections covered by the two Nb based contacts are about 740 nm 
and 680 nm, respectively, (b) Source-drain voltage Vsd measured for 
the device as a function of source-drain current /^j at three different 
back gate voltages Vbg = -0.5, -1.1 and -3.6 V and at temperature 
r = 25 mK. The red and black curves are recorded in the upward 
and the downward current sweeping direction, respectively. Hystere- 
sis is seen in the Vsd - Ld characteristics of the device measured at 
Vbg - -0.5 and -3.6 V. A supercurrent with the critical value de- 
pending on Vbg and the current sweeping direction is seen to flow 
through the InSb nanowire junction due to the superconductivity in- 
duced by the proximity effect, (c) Differential resistance dVsd/dlsd 
on a color scale measured for the device at = -3.6 V and T -25 
mK as a function of source-drain current Isd and magnetic field B ap- 
plied perpendicularly to the substrate and thus to the nanowire. The 
supercurrent is seen to persist as the applied magnetic field goes be- 
yond 2 T. (d) Source-drain voltage Vsd measured for the device as a 
function of the source-drain current Isd at V/,^ = -3.6 V and 5 = T 
and at four different temperatures T = 25, 300, 700, and 1000 mK. 
The supercurrent is seen to be still present at T = 700 mK, but to 
disappear at T ~ 1 K. 



to a coherent, nontrivial topological superconductor by prox- 
imity effect and, when Majorana fermion states appear in the 
InSb nanowire, we can detect them simply with use of the two 
Nb contacts in a standard transport measurement setup. 

Our Nb-InSb nanowire quantum dot-Nb hybrid device is 
fabricated from the high crystalline quality, zincblende InSb 
segment of an epitaxially grown InSb/InAs heterostructure 
nanowire (see Methods for the details of the device fabrica- 
tion). Figure[Tt shows a scanning electron microscope (SEM) 
image of the fabricated device. The fabricated device is first 
characterized in a relatively open conduction region in which 
the conductance of the junction in the normal state is about 
2e^/h or higher. Figure [TJ) shows the measured source-drain 
voltage of the device at a temperature of 25 mK as a func- 



tion of applied source-drain current Isd at three diflTerent volt- 
ages Yhg applied to the back gate. A zero resistance branch is 
clearly seen in each measured curve, which indicates the pres- 
ence of a dissipationless Josephson supercurrent in the junc- 
tion. The Josephson junction switches to a dissipative trans- 
port branch when the applied current is larger than a critical 
value Ic. The upward current sweeping trace (red curve) and 
downward sweeping trace (black curve) have different switch- 
ing points, i.e., the device shows a hysteretic behavior. This 
hysteretic behavior, which has also been seen in Josephson 
junctions made from semiconductor nanowires and supercon- 
ductor Al 123, [3 S], could be the result of phase instabil- 
ity typically found in a capacitively and resistively shunted 
Josephson junction or simply due to a heating effect. The su- 
percurrent Ic is related to the resistance of the junction at the 
normal state IH, 13, |25|] and can thus be tuned in our device 
using the back gate voltage Vhg. For example, in Fig.[TJ), we 
see that is 1.1 nA at V^g = -3.6 V and it is only 0.2 nA at 
= -l.lV. 

Figure [1]: shows the measured differential resistance of our 
hybrid device at a fixed back gate voltage of V^g = -3.6 V 
as a function of applied source-drain current Isd and magnetic 
field B applied perpendicularly to the substrate and thus to 
the nanowire. It is generally seen that the supercurrent Ic de- 
creases as the magnetic field B increases and disappears after 
the magnetic field becomes higher than a critical value Be. In 
Al based Josephson junctions made from semiconductors, Be 
is generally found to be in a range of a few mT to a few 100 
mT 111,!!!!!!. Here we find that, with the Nb contacts, a 
value of > 2 T can be achieved. Figure [TJi displays the 
temperature evolution of the Josephson supercurrent Ic of our 
device at V^g = -3.6 V and 5 = T. As the temperature 
increases, Ic decreases gradually and eventually disappears 
when the temperature becomes higher than a critical value of 
Tc-IK. 

Figure [2] shows the measurements of our Josephson junc- 
tion device in a low conduction region in which the quasi- 
particle transport shows the Coulomb blockade characteristics 
at low temperatures. Figure [2^ displays the differential con- 
ductance of the device measured at T = 25 mK and B = OT 
as a function of source-drain bias voltage Vsd and back gate 
voltage Vtg (quasi-particle charge stability diagram). Here, a 
clear Coulomb blockade diamond structure is seen, indicat- 
ing the formation of a quasi-particle quantum dot in the InSb 
nanowire junction region. This quasi-particle quantum dot is 
defined by the Schottky barriers present at the interfaces be- 
tween the InSb nanowire and the two superconductor contacts. 
From the Coulomb diamond structure, we can determine that 
the quasi-particle addition energy of the quantum dot is ~ 7 
meV, which is much larger than the superconductor energy 
gap Aa^^ of Nb. Inside the Coulomb blockade region, verti- 
cal bright lines can be identified. These bright lines are due 
to multiple Andreev reflections and will be investigated fur- 
ther below. Figure [2j) shows the differential resistance of the 
device measured at T = 25 mK and 5 = T as a function 
of applied source-drain current Isd and back gate voltage V^g 
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FIG. 2: Superconductivity characteristics in a quasi-particle 
Coulomb blockade region, (a) Differential conductance on a color 
scale as a function of source-drain voltage Vsd and back gate voltage 
Vtg (charge stability diagram) measured for the device at tempera- 
ture T = 25 mK and magnetic field B = T. The measurements 
show a Coulomb blockade diamond structure with a quasi-particle 
addition energy AEadd ~ 7 meV to the InSb nanowire quantum dot 
in the device. The weak vertical lines of high conductance seen in 
the Coulomb blockade region arise from multiple Andreev reflec- 
tions with the superconductor energy gaps, A^^^ and Aj^st^ related to 
both the two Nb based contacts and the two proximity eff'ect induced 
superconducting InSb nanowire segments covered by the Nb based 
contacts, (b) Diff'erential resistance on a color scale as a function of 
Isd and Vbg measured for the device in the same Coulomb blockade 
region as in (a) at T = 25 mK and 5 = T. A trace of the super- 
current characterized by a low resistance gap at Isd ~ nA is clearly 
seen in the Coulomb blockade region, (c) Diff'erential conductance 
as a function of Vsd measured at = -11.1 V, i.e., along the dashed 
line cut in (a), and T = 25 mK, and at diff'erent magnetic fields ap- 
plied perpendicularly to the substrate and thus to the InSb nanowire. 
The measured curves are successively off'set by 0.02 e^/h for clarity. 
Here, multiple Andreev reflection induced conductance peaks due to 
the presence of the superconductor energy gaps A^^^ and Ajnsb can 
be identified and are labeled for clarity. The dashed lines that mark 
the peak positions are used as guides to the eyes, (d) Diff'erential 
conductance as a function of Vsd measured at V^^g = - 1 1 . 1 V, corre- 
sponding to the dashed line cut in (a), and B - OT, and at diff'erent 
temperatures. Here, the measured curves are successively off'set by 
0.06 e^/h for clarity. The multiple Andreev reflection induced con- 
ductance peaks are again seen in the measurements and are labeled 
in the figure. The dashed lines are used once more as guides to the 
eyes. 



in the same quasi-particle Coulomb blockade region. Here, a 
distinct low resistance stripe at small Isd is clearly seen, indi- 
cating that the Cooper pair transport through the junction re- 
mains coherent. Such a coherent Cooper pair transport could 
arise from high-order co-tunneling processes (261] . 

As we mentioned above, the characteristics of multiple An- 



dreev reflections are visible in the quasi-particle Coulomb 
blockade region. We will now investigate these characteristics 
in more details. Figure [2j: shows the differential conductance 
as a function of Vsd at a fixed back gate voltage of Vtg = -11.1 
V, corresponding to the dashed line cut in Figure [2^, and 
r = 25 mK, but for diflTerent perpendicularly applied mag- 
netic fields. Here, we can, in each measured curve, clearly ob- 
serve six conductance peaks, roughly located symmetrically 
around Vsd = V. The four peaks at large \ Vsd\ arise from the 
first and second order multiple Andreev reflections associated 
with the superconductor energy gap A^t of the Nb contacts 
as indicated in the figure. The two peaks at small \Vsd\ can 
be interpreted as arising from the first order multiple Andreev 
reflection associated with the proximity eflTect induced super- 
conductor energy gap Afnsh of the InSb nanowires covered 
by the Nb contacts ll27ll . The \Vsd\ positions of these peaks 
also show weak dependences on the applied magnetic field in 
the range of ~ 4.5 T, indicating that the values of the criti- 
cal magnetic field Be in the thin Nb contacts are large and go 
beyond 4.5 T. The measurements also imply that the proxim- 
ity eflTect induced superconductivity in the Nb-wrapped InSb 
nanowire segments has not been completely destroyed by the 
perpendicularly applied magnetic field of strength up to 4.5 
T. However, we should note that due to the Meissner eflTect, 
the magnetic field penetrating through the Nb contacts and 
reaching the Nb-wrapped InSb nanowire segments is one or- 
der smaller than the applied magnetic field. Thus, the critical 
magnetic field of the proximity eflTect induced InSb nanowire 
superconductors should be in the order of a few 100 mT. Fig- 
ure [2ll shows the measured diflTerential conductance as a func- 
tion of Vsd Sit Vbg = -11.1 V and ^ = T, but at diflTerent 
temperatures. Here, we observe again that weak temperature 
dependences of the \ Vsd\ positions of the multiple Andreev re- 
flection conductance peaks, indicating that the values of Tc 
are high and go beyond 1 K in the Nb and the proximity eflTect 
induced InSb nanowire superconductors. Furthermore, from 
the measured multiple Andreev reflection conductance peaks 
shown in Figs. [2]: and[2jl, we can deduce Aa^^ = 1.55 meV 
and Ainsb =0.25 meV. 

To search for Majorana fermion states, we drive the Nb 
wrapped InSb nanowire segments from a trivial superconduc- 
tor phase to a nontrivial topological superconductor phase. 
This is done by applying an external magnetic field perpen- 
dicular to the nanowire (and also to the substrate). The mag- 
netic field introduces a Zeeman energy = j \g*\jiBB, where 
jdB = efillnie is the Bohr magneton, ^* is the eflTective g-factor, 
and B is the magnetic field actually applied on the Nb wrapped 
InSb nanowire segments. The phase transition from the triv- 
ial superconductor phase to the nontrivial topological super- 
conductor phase in the Nb wrapped InSb nanowire segments 

occurs at = -yj^'^i^sb where jd is the chemical poten- 
tial 112]. It is difi&cult to accurately determine the strength of 
the externally applied magnetic field Bt at which the phase 
transition in the InSb nanowire occurs. However, using the 
Nb bulk value of Al ~ 390 A for the magnetic field pene- 
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FIG. 3: Characteristics of the transport through Majorana 
fermion states, (a) Differential conductance on a color scale as a 
function of source-drain bias voltage Vsd and magnetic field B ap- 
plied perpendicularly to the substrate and thus to the InSb nanowire 
measured at = - 11 . 1 V (corresponding to the dashed line cut in 
Fig. 12^) and T = 25 mK. A pronounced zero bias conductance peak 
(indicated by a white arrow) as a result of the Cooper pair transport 
through a pair of Majorana fermion states in the nontrivial topologi- 
cal superconductor InSb nanowire is seen to emerge when the mag- 
netic field is above 1 T. (b) The same measurements as in (a) but 
with a high magnetic field resolution. Here, the zero-bias conduc- 
tance peaks are more clearly seen and appear in both the positive and 
the negative magnetic field direction, (c) The same measurements as 
in (b) but the diff'erential conductance traces measured in the region 
marked by a dashed square in (b) are shown. Here, the measured 
curves are successively off'set by 0.05 e^/h for clarity. In this figure, 
accompanied to the zero-bias conductance peaks, two side diff'eren- 
tial conductance peaks are seen to appear at finite Vsd- (d) Diff'erential 
conductance as a function of B at Vsd - //V (black circles) corre- 
sponding to a line plot along Vsd - fiN in (c). Here, it is seen 
that the enhanced zero-bias conductance by the transport through the 
Majorana fermion states shows a plateau structure. The slope in the 
plateau could be due to a change in the background conductance with 
increasing B in the region, as indicated by the diff'erential conduc- 
tance measurements at Vsd - 1 mV (red diamonds). 



tration depth [28] and assuming the g-factor ~ 30-70 
and the superconductor energy gap /^insb ~ 0-25 meV for the 
InSb nanowire, we can estimate that the externally applied 
magnetic field that can induce the phase transition in the Nb 
wrapped InSb nanowire segments is in the range of 1 - 2 T. 

When there is no coupling between the two Nb wrapped 
InSb nanowire segments, each of the two nanowire segments 
in the nontrivial topological superconductor phase supports a 



pair of Majorana fermions located at the two ends of the seg- 
ment 1IT9I] . When the two nontrivial topological superconduct- 
ing InSb nanowire segments are coherently connected via a 
normal state quantum object, e.g., quantum dot, the interac- 
tion between a pair of nearby zero energy Majorana fermions 
leads to creation of a pair of fermion states at finite energies, 
as a result of annihilation of the pair of Majorana fermions, 
and the entire nanowire will turn to a nontrivial topological 
superconductor supporting the pair of the remaining zero en- 
ergy Majorana fermions (see Supplementary Information for 
the results of our modeling and simulation), which are now lo- 
cated at the two ends of the entire nanowire and are therefore 
strongly coupled to the Nb contacts. Cooper pairs can trans- 
port between the two Nb contacts via the Majorana fermion 
states, leading to an enhancement in the zero-bias conduc- 
tance JtI [HI] . We will show below that such an enhancement 
in the zero-bias conductance has been observed in our Nb- 
InSb nanowire quantum dot-Nb device in the quasi-particle 
Coulomb blockade regime. 

We first present our magnetic field dependent measure- 
ments of the differential conductance at the back gate volt- 
age Viyg = -11.1 V for which the InSb nanowire quantum 
dot is in a Coulomb blockade low conductance region. Fig- 
ure [3^ shows the results of the measurements. Here, a low 
conductance gap can be clearly identified in the small source- 
drain bias voltage region. This low conductance gap structure 
can be attributed to the presence of the superconductor en- 
ergy gap Ajnsb in the Nb wrapped InSb nanowire segments. 
Most importantly. Fig. [3^ shows, as expected, the emergence 
of a pronounced high zero-bias conductance structure, indi- 
cated by the white arrow in the figure, as the magnetic field 
exceeds 1.2 T. To see this high zero-bias conductance struc- 
ture more clearly, we show in Fig. [3t high-resolution mag- 
netic field dependent measurements of the differential con- 
ductance at Vhg = -11.1 V. Here, two high zero-bias con- 
ductance structures, located symmetrically with the respect to 
the zero magnetic field, can be clearly identified in the mag- 
netic field regions with strengths around 2 T. Figure [3]: shows 
close-up traces for visualization of the details in the region of 
the measurements marked by a dashed square in Fig. [St. Here, 
we see that the differential conductance shows rich structures. 
In particular, two side differential conductance peaks emerge 
along with the zero-bias conductance peak and move apart 
in source-drain bias voltage as the applied magnetic field is 
increased. Figure [3]l shows a trace of the differential con- 
ductance at the zero bias voltage, where the high zero-bias 
conductance structure is seen to appear as a plateau. Fig- 
ure [3]l also shows a corresponding trace of the differential 
conductance at a finite bias voltage of Vsd = 1 mV. A com- 
parison between the two traces may imply that the small slope 
seen in the zero-bias conductance plateau is due to a change 
in the background differential conductance with increasing 
Vhg. This high zero-bias conductance plateau structure is fully 
consistent with our physical picture that a pair of Majorana 
fermions can be excited in a certain range of the applied mag- 
netic field for which the entire InSb nanowire is in a nontriv- 
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FIG. 4: Zero-bias conductance plateau structures due to the 
transport through Majorana fermion states, (a) Differential con- 
ductance as a function of source-drain bias voltage Vsd and magnetic 
field B applied perpendicularly to the substrate and thus to the InSb 
nanowire measured for the device SiiVbg = -13 V and T = 25 mK. 
(b) The same as in (a) but the differential conductance measured as 
a function of B at Vsd = fiV is plotted, (c) The same as in (a) but 
for Vbg - -15 V. (d) The same as in (b) but also for V^g - -15 V. 
Here, enhanced zero-bias conductance plateau structures due to the 
transport through the Majorana fermion states in the InSb nanowire 
are again observed. 



ial topological superconductor phase. In addition, This high 
zero-bias conductance plateau structure implies that the trans- 
port through a pair of Majorana fermions will contribute to 
the conductance with an approximately constant value (which 
may strongly depend on the phase difference between the two 
superconductor Nb contacts |7]). 

Zero-bias conductance plateau like structures have also 
been observed in other gate voltage regions. Figure shows 
measurements of the differential conductance as a function of 
source-drain bias voltage Vsd and applied magnetic field B 
at a fixed back gate voltage of V^g = -13 V, while Fig. ^ 
shows such measurements at V^g = -15 V. Figures |4]3 and 
|4]1 show the corresponding traces of the measurements at the 
zero source-drain bias voltage. Figures [4^ and ^ show that 
the zero-bias conductance has a value of ~ l.Oe^/h at 5 = T 
and stay approximately at a constant value as B increases. The 
zero-bias conductance starts to increase quickly from 5-1.3 
T and reaches a plateau value of ~ I3e^/h at 5 ~ 2 T. The 
zero-bias conductance stays at the constant value until 5 = 2.8 
T and then jumps to a lower value as a results of a charge re- 
arrangement (see Fig. [4^ for the clear signature of the charge 
rearrangement). In fact, a plateau like zero-bias conductance 
structure can still be identified after the charge rearrangement. 



Figures ID: and|4]l show similar characteristics of the differen- 
tial conductance. Here, the zero-bias conductance plateau can 
be identified to appear in a magnetic field range of 0.9 - 2.6 
T, although it is superimposed with fluctuations and a visible 
slope. In addition, the differential conductance measurements 
in the small Vsd region are characterized by a gap at low mag- 
netic fields, that nearly vanishes at the edge of the zero-bias 
conductance plateau and reopens as the magnetic field is con- 
tinuously increased. This gap evolution behavior is similar to 
the one predicted in Ref. 1 17]. Here we should note that such 
a gap evolution structure is also visible in Figs. [3]: and |4^. 
However, its physical origin is not completely clear to us. In 
Fig -St, we clearly see that the gap nearly vanishes again at the 
upper edge of the zero-bias conductance plateau and then re- 
opens as the magnetic field is further increased and the system 
turns to be in a trivial topological superconductor phase. 

In summary, we have studied a Nb-InSb nanowire quan- 
tum dot-Nb device by transport measurements and observed 
a zero-bias conductance plateau structure at finite perpendic- 
ularly applied magnetic fields. The height of the plateau has 
been found to depend on the back gate voltage and is most 
likely related to the phase difference between the two su- 
perconductor Nb contacts. At zero magnetic field, the Nb 
wrapped InSb nanowire segments is in a normal supercon- 
ductor phase and our measurements show a tunable Joseph- 
son supercurrent in the current biased configuration and mul- 
tiple Andreev reflection characteristics in the voltage biased 
configuration. Both the superconductor energy gap A^b of 
the Nb contact and the superconductor energy gap Ajnsb of 
the Nb wrapped InSb nanowire segments have been identi- 
fied from the measured multiple Andreev reflection character- 
istics. As the applied magnetic field increase, the entire InSb 
nanowire, including the two Nb wrapped segments and the 
middle quantum dot junction segment, turns to be in a nontriv- 
ial topological superconductor phase, supporting a pair of Ma- 
jorana fermion states located at the two ends of the nanowire. 
Cooper pair transport through the InSb nanowire via Majorana 
fermion states leads to the observation of an enhanced zero- 
bias conductance plateau structure. As the magnetic field is 
further increased, the zero-bias conductance is found to drop 
from the plateau value to lower values. This could be inter- 
preted as that the system has now been transformed to a trivial 
topological superconductor phase and thus shows the conven- 
tional Josephson junction transport characteristics. 

METHODS 

Our superconductor- semiconductor nanowire hybrid de- 
vice is fabricated from the zincblende InSb segment of an 
InAs/InSb hetero structure nanowire. The hetero structure 
nanowires are grown on InAs(lll)B substrates at 450 °C by 
metal-organic vapor-phase epitaxy in a two-stages process us- 
ing aerosol Au particles as initial seeds. Growth of an In As 
stem first replaces direct nucleation by a wire-on- wire growth 
process, effectively favoring a high yield of epitaxial top InSb 
nanowire segments. Contrary to most other III-V nanowires, 
our InSb segments are free of any extended structural defects 
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and do not show tapering. For further details about the growth, 
structural, and basic field eff'ect transistor properties of the 
InAs/InSb hetero structure nanowires, see Refs. S and il 
and the references therein. 

The grown InAs/InSb hetero structure nanowire is trans- 
ferred to a 100 nm thick Si02 layer capped, degenerately 
doped, n-type Si substrate with predefined Ti/Au bonding 
pads and metal markers. Using an optical microscope, the 
wire position relative to the metal markers is recorded. The 
substrate with the hetero structure nanowire deposited is spin- 
coated with polymethylmethacrylate (PMMA) resist. Then, 
two 470 nm wide Ti/Nb/Ti (3 nm/80 nm/5 nm) superconduc- 
tor contacts with a separation of 110 nm are defined on the 
InSb segment of the InAs/InSb hetero structure nanowire us- 
ing electron beam lithography, sputtering and lift-off' process. 
Here, we note that to remove the outside oxide layer of the 
InSb nanowire, a surface chemical retreatment in a (NH4)2S;c 
solution is performed before metal deposition by sputtering. 
In addition to the two superconductor contacts, there is an ex- 
tra Ti/Au metal layer on the back side of the chip which can 
serve as a global back gate. Figure[Tt shows an SEM image of 
the device measured in this work. All electrical measurements 
reported in this work are performed in a ^He/^He dilution re- 
frigerator. 
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According to the experimental setup as sketched in Fig. [T] 
we establish a semiconductor nanowire model which con- 
sists of three segments: two proximity effect induced su- 
perconducting segments located under two superconduc- 
tor contacts and a middle normal semiconductor junction 
segment. The entire nanowire possesses a strong spin- 
orbit interaction (SOI) and the normal semiconductor seg- 
ment is connected to the two superconducting segments via 
tunnel couplings in order to take into account the weak 
Schottky effect induced by the two superconductor con- 
tacts to the nanowire. Furthermore, we assume a mag- 
netic field is applied perpendicularly to the nanowire as indi- 
cated in Fig. [U Our semiconductor nanowire model resem- 
bles the superconductor- semiconductor- superconductor het- 
erostructure system of Lutchyn et al. lit], but with two ma- 
jor differences, (i) The phase difference of superconducting 
order parameter of the left and right segment is unknown 
and is taken to be a constant in the calculations presented 
below. Here, we concentrate on the energy spectrum rather 
than Josephson current, (ii) The couplings between the nor- 
mal semiconductor segment and the two superconducting seg- 
ments are equal but tunable, i.e., we consider a simplest sys- 
tem of a symmetric double barrier type. 

The Hamiltonian of our model system is constructed by 
assuming that the nanowire is oriented along the x axis, the 
SOI is of the Rashba type, and the electric and magnetic field 
are applied along the z direction. Under the Landau gauge, 
the Hamiltonian can be written in an one-dimensional tight- 
binding form as 

(!HBdG)n,m = [(2^ - yU)T^ V^CT^ -h A„T;c]^«,m 

+ (-tn + ianCry)TzSn,m-l + (-tn " i(^nO-y)rzSn,m+l- 

In the equation above, indices m and n run through the lattice 
sites in the model. Site dependent parameters tn are the hop- 
ping integrals with tn = F at the two interfaces between the 
semiconductor and two superconducting segments and tn = t 
otherwise. A„ = A* in the left superconducting segment, A*e^^ 
in the right superconducting segment, and in the middle nor- 
mal semiconductor segment, where A* is the proximity effect 
induced superconductor energy gap in the two superconductor 
contacted nanowire segments, and is the phase difference of 
the two superconducting nanowire segments and is set to zero 
in the calculations presented here, an = tnCHo is the Rashba 
SOI energy with ao being the dimensionless parameter de- 



scribing the Rashba SOI strength. = ^SJ^bB is the Zeeman 
energy, where g the effective g factor, yUg the Bohr magneton, 
and B the magnetic field. Finally, ct/ and t/ are Pauli matrices 
which operate on spin space and particle-hole space, respec- 
tively. 

The above model has been employed to explore the energy 
spectrum evolution with increasing coupling F. A special em- 
phasis is placed on the properties of the zero energy Majo- 
rana fermion states for the yu = case. Figures [IIb)-[nd) 
show the results of the calculations for the system, modeled by 
901 lattice sites with the middle normal semiconductor seg- 
ment represented by 42 sites, at A* = 0.2t, = 0.5^, and 
ao = I, and at three different coupings F. In these figures, the 
wave function probability distributions are plotted for a few 
low energy states. At F = 0, we find two pairs of zero en- 
ergy Majorana fermion states with each pair being localized 
at the two ends of a proximity effect induced superconduct- 
ing nanowire segment. As F becomes finite, the two Majorana 
fermion states near the middle normal semiconductor segment 
interact, leading to the creation of a pair of normal fermion 
states-a quasi-particle state and a quasi-hole state-with ener- 
gies located symmetrically around the zero . However, 
the other two Majorana fermion states seen at F = remain 
intact and the entire nanowire behaves as a nontrivial topo- 
logical superconductor system. At F = 0.6t, the two normal 
fermion states are seen to move further apart in energy, while 
the two Majorana fermion states still remain unchanged. A 
summary of the results of the calculation is shown in Fig- 
ure [TJe) where the continuous energy evolutions of a few low 
energy states with increasing F are presented. 

In conclusion, when two proximity effect induced super- 
conducting semiconductor nanowires in a nontrivial topo- 
logical superconductor phase are brought to be coherently 
coupled via a normal semiconductor nanowire segment, the 
two Majorana fermion states localized near the normal semi- 
conductor nanowire segment will be annihilated to create a 
pair of normal fermion states-a quasi-particle and a quasi- 
hole fermion state-and the entire nanowire will turn to be 
a nontrivial topological superconductor system with a pair 
of Majorana fermions localized at the two ends of the en- 
tire nanowire. Cooper pairs can transport through the semi- 
conductor nanowire via excitation of the pair of Majorana 
fermions [8], leading to an enhancement of the zero-bias con- 
ductance measured in the experiment reported in the main ar- 
ticle. 
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FIG. 1: (a) Schematic of the model system consisting of a semi- 
conductor nanowire (NW), with a strong Rashba SOI, and two su- 
perconductor (SC) contacts (grey regions). The nanowire is placed 
along the x axis. Due to the proximity effect, the nanowire segments 
wrapped by the superconductor contacts are in a superconducting 
state with a superconductor energy gap A*. These two superconduct- 
ing segments are connected to the normal semiconductor segment via 
tunnel couplings P. The magnetic field B is applied perpendicularly 
to the nanowire along the z axis, (b) to (d) Wave function probability 
distributions along the nanowire for the first few low energy states 
calculated for F = 0, 0.2t, and 0.6^. The nanowire is modeled by 
901 lattice sites with the normal semiconductor segment represented 
by 42 sites in the middle section. The other parameters used in the 
calculations are A* = 0.2^, = 0.5t, and ao = I. (e) Energies of 
the low energy states calculated for the same system as in (b) to (d) 
as a function of F. The two quasi-particle states emerge from the hy- 
bridization of the two interacted Majorana fermion states at a finite F 
and move apart in energy with increasing F. 




